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Controlled magnesium hydroxide particles were successfully synthesized via a simple hydrothermal method. The inﬂuence of temperature and
reaction time on the hydrothermal synthesis of Mg(OH)2 was studied. The results provide new parameters to control the morphologies, particle
sizes, agglomeration level and crystallographic structures of the brucite nanosized. The physic chemical properties of synthesized Mg(OH)2
nanoparticles have been characterized by X ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM) combined with selected area electron diffraction (SAED), high resolution transmission electron microscopy (HR TEM) and
thermogravimetry/ differential scanning calorimetry (TG/DSC). It has been shown that the prolongation of reaction time improves the crystalline
degree of magnesium hydroxide particles. It was also possible to detect a relevant increase in the degree of crystallinity and a faster crystal growth
with deﬁned hexagonal morphologies in the samples obtained at higher temperature. Our results show that this simple hydrothermal route is
highly interesting for the large scale production of these nanomaterials.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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Recently, interest in magnesium hydroxide (Mg(OH)2) nano-
particles has been increasing rapidly due to the fact that these
nanoparticles have multiple applications in medicine [1], industry
[2] and more recently, in the conservation of cultural heritage
[3,4]. The reason why the nanoparticles have multiple applica-
tions is that crystalline Mg(OH)2 offers several great advantages,
such as a good thermal stability, good ﬁre retardant properties,
a low toxicity and a low cost [5,6]. In addition, the Mg(OH)2
nanoparticles may be effective antibacterial agents [7,8]. There-
fore, magnesium hydroxide is commonly used in different
products providing them important properties. The incorporationof Mg(OH)2 into polymers due to its ﬂame retardancy has
received special attention because brucite can improve properties
of composites and extend their applications [9,10]. Recently, Ma
et al. have successfully assembled magnesium hydroxide nano-
particles on the surface of cotton ﬁbers in order to improve the
ﬂammability and stability of these composites [11]. These types
of nanoparticles are also used in the deacidiﬁcation treatment of
paper, this being an efﬁcient method to inhibit the degradation of
old paper [12]. It has also been found that magnesium hydroxide
exhibits promising CO2 adsorption properties due to its mineral
carbonation process [13]. Furthermore, Mg(OH)2 is one of the
most important precursors of magnesium oxide (MgO) [14], a
versatile metal oxide that is used in multiple applications and
products with important mechanical, catalytic and electronic
properties [15,16].
It is essential to take into account that the method used for
obtaining the nanoparticles is a decisive factor to enhance1
Table 1
Synthesis conditions of Mg(OH)2 nanoparticles obtained at precursor quantity
of Mg(NO3)2  6H2O of 0.12 g and 0.08 ml of N2H4 H2O; and variation of
crystallite sizes determined from XRD.
Sample Reaction
temperature
(1C)
Reaction
time (h)
Particle
size (nm)a
Crystallite
size (nm)b
Unit cell
dimensions
(Å)
a c
I 150 24 127734 3674 3.19 4.72
II 150 12 75755 4274 3.12 4.73
III 180 12 163745 4374 3.13 4.74
IV 180 6 456753 4574 3.13 4.74
aResults determined from TEM images.
bResults obtained by the Scherrer's formula (D¼Kλ/βcosθ) and derived from
the most intense indexed peaks, (001) and (101).the suitability of these nanomaterials. The conditions of the
process need to be controlled in order to obtain nanocrystals
with certain morphologies, particle sizes, agglomeration level
and crystallographic structures. Therefore, the controlled pre-
paration of nano-structured magnesium hydroxide has been the
focus of many studies. Various chemical routes have been used
to synthesize Mg(OH)2 nanocrystals with different morpholo-
gies and structures. Fan et al. have obtained Mg(OH)2 in
one-dimensional form also known as nanotubes through a
solvothermal method, using Mg10(OH)18Cl2  5H2O as precur-
sor without any surfactant or catalyst [17,18]. Most recently,
Li et al. prepared hexagonal nanoplates Mg(OH)2 by a
bubbling method in the presence of gelatin and polyvinyl
alcohol as high molecular surfactants [19]. Another method of
synthesis used lately for the magnesium hydroxide production
is the microwave-assisted technique. Beall et al. used this
technique for the production of pseudo-hexagonal Mg(OH)2
nanostructures [20]. The brucite nanoparticles may be prepared
at room temperature as well. Das et al. have carried out the
formation of Mg(OH)2 micro/nanoﬂowers under these condi-
tions. The authors also identiﬁed the best conditions that favor
the growth of magnesium hydroxide at room temperature [21].
Superﬁne magnesium hydroxide with monodispersity has been
synthesized via a direct precipitation method at a reaction
temperature of 25 1C by Wu et al. [22]. A similar procedure
was adopted by Yan et al., who got superﬁne arrays of
magnesium hydroxide nanoparticles synthesized via the direct
precipitation method at room temperature through the addition
of a cationic surfactant, cetyl trimethyl ammonium bromide
(CTAB) [23]. On the other hand, magnesium hydroxide
nanocrystals can also be obtained by hydration of magnesium
oxide, MgO [24,25]. Qian et al. obtained platelet-shaped
particles using the hydrating method of MgO, made from the
decomposition of magnesite [26]. The precipitation of a
magnesium salt with an alkaline solution is another synthesis
method that has been employed for obtaining brucite nano-
particles with different morphologies as globular agglomerates,
platelet-shaped particles or hexagonal lamellas [27,28]. Song
et al. synthesized magnesium hydroxide nanoparticles with
lamellar structure via one-step precipitation reaction with the
aid of ultrasonic treatment [29].
The hydrothermal synthesis method is one of the most
widely employed techniques for the synthesis of brucite
nanostructures with the ease of large-scale production [30].
A large number of studies have shown that this synthesis
method is an effective way to control the morphology, particle
size distribution and phase homogeneity [31,32]. In a recent
work, Jin et al. [33] prepared Mg(OH)2 nanoparticles by
hydrothermal method using magnesium nitrate (Mg(NO3)2)
and hydrazine hydrate (N2H4 H2O) without further additives.
In our belief, studying the inﬂuence of experimental synthesis
parameters on the morphologies, the particle sizes, the
agglomeration level and the crystallographic structures of
the particles obtained is of special interest. Thus, in this paper,
the effect of synthesis temperature and reaction time on the
hydrothermal treatment of nanocrystalline Mg(OH)2, using
hydrazine hydrate (N2H4 H2O) as precipitator, has been triedfor the ﬁrst time. We report the preparation and characterization
of Mg(OH)2 nanostructures with different morphologies, particle
sizes, high purity and preferred orientation. These results may
contribute not only for deﬁning the structures and making
morphologies more favorable but also to make the large-scale
production of these nanomaterials possible.2. Experimental section
2.1. Materials
All the chemical reagents used in this work, magnesium
nitrate hexahydrate (Mg(NO3)2  6H2O) and hydrazine hydrate
(N2H4 H2O), were purchased from Sigma-Aldrich and used as
received, without further puriﬁcation. High-purity water
(18 MΩ/cm) was prepared by a deionized water puriﬁcation
system (Barnstead, Dubuque, IA, USA) and was used in all
procedures.2.2. Synthesis of magnesium hydroxide nanoparticles
Magnesium hydroxide nanoparticles were synthesized via
the hydrothermal method using Mg(NO3)2  6H2O as a magne-
sium precursor and N2H4 H2O as a precipitator. It has
conducted different reaction parameters in order to evaluate
the inﬂuence of the synthesis temperature and the reaction time
in the nanoparticles obtained. These reaction conditions are
summarized in Table 1. For a typical preparation process,
0.12 g Mg(NO3)2  6H2O was dissolved in 10 ml high-purity
water. Subsequently, 0.08 ml of N2H4 H2O was added into
Mg(NO3)2 solution dropwise and made up to 15 ml with water.
The resulting mixture was vigorously stirred at room tempera-
ture until a white uniform suspension appeared. Finally, the
obtained suspension was then transferred into a Teﬂon-lined
stainless steel autoclave, sealed and hydrothermally treated at a
constant reaction temperature in the range of 150 180 1C for
24, 12 and 6 h. The obtained mixtures were cooled at room
temperature and then separated in a centrifuge; a wash was
implemented several times using distilled water in order to
remove the residual impurities, followed by a wash with2
Fig. 1. XRD patterns of Mg(OH)2 nanoparticles obtained at various synthesis
conditions: (I) 150 1C, 24 h; (II) 150 1C, 12 h; (III) 180 1C, 12 h and (IV)
180 1C, 6 h. All major peaks could be indexed to the hexagonal structure of the
Mg(OH)2 (JCPDS 44 1482).
Table 2
TGA DSC results for the thermal decomposition of the Mg(OH)2 nanoparti
cles obtained at different synthesis conditions.
Sample TGA DSC
T onset
(1C)
T offset
(1C)
Weight loss
(wt%)
T onset
(1C)
T offset
(1C)
T peak
(1C)
I 300.4 394.3 28.5 333.1 391.2 372.3
II 355.4 370.9 31.4 323.9 380.8 366.1
III 305.2 382.2 29.8 334.4 401.1 378.5
IV 321.3 391.02 29 359.8 398.2 386.1ethanol, used for reducing the agglomeration. Finally, the
samples obtained were dried in an inert gas atmosphere at
60 1C for 7 h yielding a white nanosized brucite powder.
2.3. Characterization
The phase purity and crystallographic structures of the
magnesium hydroxide nanoparticles obtained were examined
by the X-ray diffraction (XRD) (Philips X'Pert) operating at
40 kV and 40 mA and employing Cu Kα radiation (λ¼1.54 Å).
The average crystallite size (CS) of the Mg(OH)2 nanoparticles
was determined by the Scherrer's formula, D¼Kλ/βcosθ, where λ
is the wavelength of the X-ray radiation (in Å), K is a constant
taken as 0.9, β the full width at half-maximum height (FWHM)
and θ is the diffraction angle (in rad) used in calculus [34]. The
two most intensive reﬂection peaks of the samples were used in
the line broadening analysis. The morphological study and
chemical composition of the samples were conducted by scanning
electron microscopy (SEM) (Philips XL 30/EDS D 4) and
transmission electron microscopy (TEM) selected area electron
diffraction (SAED) (JEOL JEM 2100 at 200 kV). SEM images
were obtained with the surface of the samples coated with a thin
gold layer to avoid a charging effect. The samples for TEM
studies were ultrasonically dispersed in acetone and then depos-
ited on holey carbon copper grids. HRTEM was carried out in
conjunction with fast Fourier transformed (FFT) using a JEOL
JEM 3000F transmission electron microscope at 300 kV operating
voltage. The distribution and average size of the nanostructures
obtained were determined from TEM images using the Digital
Micrograph™ (DM, Gatan Inc.) software. The dimensions and the
standard deviations of 15 nanoparticles randomly chosen in each
sample were measured.
Thermal stability evaluation of the magnesium hydroxide
nanoparticles obtained were carried out using a TGA, DSC
Perkin-Elmer STA 6000 simultaneous thermal analyzer under
nitrogen atmosphere (ﬂow rate 20 mL/min) from 25 to 600 1C
with a continuous heating rate of 10 1C min1.
3. Results and discussion
The crystal phases and crystallinity of the nanosized Mg(OH)2
obtained were determined by X-ray diffraction. Fig. 1 shows the
X-ray diffraction (XRD) patterns of the as-prepared samples I, II,
III and IV obtained by the hydrothermal method at different
synthesis temperatures (150 and 180 1C) and reaction times (24,
12 and 6 h). These XRD patterns exhibited typical diffraction
peaks which were assigned to (001), (100), (101), (102) and (110)
planes of the structure of Mg(OH)2 (Joint Committee on Powder
Diffraction Standards File (JCPDS) no. 44-1482, space group
P-3m1 with unit cell parameters a¼3.144 Å and c¼4.777 Å).
No additional XRD peaks arising from impurities were detected.
However, it is important to point out that the relative intensities of
some peaks do not agree with the standard X-ray diffraction
powder pattern of the brucite. Thus, the intensity of Mg(OH)2
(001) plane's peak, which corresponds to the basal plane of
brucite, is stronger than the diffraction peak for the (101) plane.
These differences in diffraction intensities could be caused by thepreferred growth orientation of the brucite crystals according to
the experimental conditions in the synthesis [35,36]. Lv et al. [37]
suggest that the concentration ratio of hydroxyl ion and
magnesium ion is the key factor that causes the preferred
orientation. According to Wu et al. [35] the (001) plane of
Mg(OH)2 is nonpolar while the (101) plane is polar. These
authors studied the inﬂuence of CaCl2 on the hydrothermal
modiﬁcation of Mg(OH)2 and they reported that the weakening of
the polarity of brucite after hydrothermal treatment was favorable
for its dispersion. In addition, due to the fact that the crystal face
(001) diffraction is the highest, it would produce a more stable
structure of magnesium hydroxide due to the decrease in polarity
[38]. Moreover, the strong and sharp diffraction peaks suggested
that the Mg(OH)2 nanoparticles were highly crystallized, which
was consistent with the TEM results. It was also possible to detect
a signiﬁcant increase of the crystallinity degree and a faster
crystal growth in the samples obtained at 180 1C which reveals
that the crystallization of the brucite nanoparticles could be
improved at higher temperatures [19,39]. The Mg(OH)2 crystal-
lite size could be estimated from XRD patterns using the
Scherrer's formula. The results derived from the most intense
indexed peaks, (001) and (101), are listed in Table 2. It was found
that the estimated crystallite sizes for the Mg(OH)2 samples
obtained in this study were in the range 30 42 nm. As it can be
seen, the highest value of the average crystallite size was obtained3
for sample II. This may be caused by the strong aggregation of
particles observed by SEM and TEM, which would lead to larger
nanoparticles composed of several crystallites.
Scanning electron microscopy (SEM) revealed the existence
of important differences in the morphologies and particle sizes
of the magnesium hydroxide nanoparticles obtained according
to the synthesis parameters studied. Fig. 2 shows SEM
micrographs of Mg(OH)2 particles obtained. From Fig. 2a,
a reaction time of 24 h at 150 1C resulted in the formation of
hexagonal ﬂakes with rounded edges in sample I. The mean of
the longer side was about 120730 nm and the thickness
was 15 nm. It is interesting to note that when the reaction
time decreased from 24 to 12 h, the morphology, the size
particle and the agglomeration level observed in sample II
were clearly different from the previous one (Fig. 2b). Thus, in
this sample, more inhomogeneous particles were formed due to
the insufﬁcient time given to the particles to grow. Further-
more, sample II presented a strong tendency to form agglom-
erates. Even though this aggregation feature did not allow an
accurate measurement of the particle size, the grain boundaries
observed indicated that the longer side of nanoparticles of
these aggregates lies within 70730 nm. This agglomeration
phenomenon was caused by their high surface energy which is
the result of the small particle size. However, Fig. 2c shows forFig. 2. Scanning electron micrographs of low magniﬁcation and the inset at hig
(b) 150 1C, 12 h; (c) 180 1C, 12 h and (d) 180 1C, 6 h via a hydrothermal methodsample III (treated at 180 1C for 12 h) that the increase of
temperature from 150 1C to 180 1C led to the formation of
well-deﬁned hexagonal nanoplates of magnesium hydroxide,
with a bigger uniform size of 160740 nm and a thickness
of 18 nm. This formation of bigger particles conﬁrmed that
the hydrothermal modiﬁcation may be carried out through the
dissolution of the agglomerated particles and the precipitation
when the supersaturated concentration at the hydrothermal
condition is reached. As we can see in Fig. 2d, it was
especially interesting to ﬁnd particular arrangement morphol-
ogies in sample IV due to the regular intergrowth of crystals at
this time reaction. Majority of particles produced at these
conditions have average sizes of around 450750 nm and
thicknesses of 28 nm.
Morphological and crystallographic differences of the Mg(OH)2
particles obtained were observed by transmission electron micro-
scopy (TEM), combined with selected area electron diffraction
(SAED) and high-resolution transmission electron microscopy
(HRTEM). These data were correlated with the previous results
obtained from XRD and SEM studies. Fig. 3 shows the low-
magniﬁcation TEM images and the corresponding SAED patterns
of the Mg(OH)2 particles obtained at the synthesis reaction time of
12 h at 150 1C and 180 1C. It can be seen that these brucite
samples showed relevant differences in the degree of aggregation,h magniﬁcation of Mg(OH)2 nanoparticles synthesized at (a) 150 1C, 24 h;
.
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Fig. 3. Scanning electron micrographs (a, d), low magniﬁcation TEM images (b, e) and SAED patterns (c, f) for Mg(OH)2 nanoparticles obtained at 150 1C for 12 h
(a c) and at 180 1C for 12 h (d f).habit and particle size. According to this, at the lower synthesis
temperature (150 1C), irregular ﬂakes of brucite with hexagonal
habit and high level of agglomeration (40 100 nm) were
observed (Fig. 3b). Conversely, the Mg(OH)2 particles synthesized
at temperature of 180 1C showed more regular shapes and larger
particle sizes in the range of 150 260 nm (Fig. 3e). This
increasing trend of the particle sizes with the increase in
temperature was observed by Chen et al. [39]; in addition, the
SAED patterns also showed differences. An important improve-
ment in the crystallinity was clearly seen in the Mg(OH)2
nanostructures obtained at 180 1C as can be seen in the SAED
pattern obtained for sample III (Fig. 3f). In this way, while the
SAED pattern observed for sample II (Fig. 3c) suggested its poly-
crystalline nature with structural defects due to the aggregation of
ﬁne particles, the pattern for sample III showed strong spots in
regular positions indicating its single-crystalline nature. Thus,
sample III showed a regular hexagonal symmetry, characteristic of
the structure of the brucite. The well-deﬁned points in the SAED
pattern shown can be indexed to the reﬂections of a hexagonal Mg
(OH)2 crystal according to the theoretical model of the brucite
structure oriented along [0001]. The HR-TEM study shows that
the nanosized Mg(OH)2 are not stable under the exposition to the
high energy electron beam, 300 kV, of the TEM. The damage of
the brucite nanosized in situ and in vacuo was observed as soon as
the samples were exposed to the high energy electron beam. This
fact is clearly shown in the low magniﬁcation TEM obtained for
sample I (Fig. 4a) in which the degradation of the area of sample
can be seen after the high-resolution study. The low stability of
hydroxides under the high energy electron beam of the transmis-
sion electron microscopy has been reported by some authors[40,41]. Fig. 4b and c shows the high-resolution electron
microscopy (HRTEM) image obtained for sample I and the
corresponding FFT pattern. It can be seen that the crystal shows
variations in contrast that reveal the presence of porosity. Several
authors [42 44] attributed these contrast changes to the onset of
Mg(OH)2 decomposition and the loss of water under the electron
beam. The crystal is composed of several nanocrystalline domains
and the inter-planar distances observed are 1.49 Å and 4.70 Å
which agree well with the lattice spacing of Mg(OH)2 (111) and
(001) planes, respectively and 2.44 Å which corresponds to the
(111) crystal plane of periclase (MgO). Locally tiny cracks affect
both the periclase and brucite domains. The optical diffraction
pattern in Fig. 4c (as inset) corresponds to the ½101zone axis of
MgO, which presents diffuse spots along the (111) of the periclase
phase, suggesting high content of defects; besides faint spots
corresponding to the basal plane of brucite (001) are identiﬁed.
According to Goodman [42] the conversion from Mg(OH)2 to
MgO, induced by transmission electron microscopy (TEM) is an
inhomogeneous decomposition while other authors, as Ball et al.
[43], proposed that this decomposition is homogeneous. These
studies reported that the protons migrate to donor regions and the
Mg2þ to acceptor regions. In this way, the acceptor regions in
brucite are converted to periclase (MgO) caused by the gain of
cations and the donor regions are destroyed and become the pores.
This formation of pores can be seen in the electron micrograph
obtained (Fig. 4c), in which it is possible to see the formation of a
pore with a longer side of about 1.2 nm.
The study of the thermal behavior and stability of the
magnesium hydroxide nanostructures obtained was carried out
through TG DSC analyses. The results of these analyses are5
Fig. 4. Analytical TEM and HRTEM images of the Mg(OH)2 decomposition induced by transmission electron microscopy. (a) Low resolution TEM image of the
Mg(OH)2 sample in which can be seen the damage of the sample from the electron beam. (b) High resolution TEM image of sample I that shows the general
appearance of Mg(OH)2 (brucite) transformed into MgO (periclase). (c) Detailed HRTEM image of sample I revealing electron beam conversion to MgO as
indicated by the fast Fourier transform (inset).
Fig. 5. (a) TG DSC curves of the thermal decomposition of sample III, heated
in nitrogen (N2) ﬂow from 25 to 600 1C. (b) XRD results obtained for the
decomposition residue of the sample after TG DSC analyses.shown in Table 2. These results conﬁrm a pronounced weight
loss in all the brucite samples when the reaction temperature
exceeds 300 1C. These mass losses correspond to the thermal
decomposition of dehydroxilation of magnesium hydroxide in
magnesium oxide (Mg(OH)2(s)-MgO(s)þH2O(g)). In addi-
tion, due to the thermal decomposition of dehydroxylation of
Mg(OH)2 being an endothermic reaction, the DSC curve was
expected to show an endothermic peak at temperatures over
300 1C. This was conﬁrmed for all nanoparticles obtained in
temperature range 370 390 1C which is close to those deter-
mined by other authors [45]. In addition, the samples obtained
at the synthesis temperature of 180 1C exhibited better thermal
stability due to the increase of the crystallinity degree detected
in these samples. Fig. 5a shows the DSC TG results for
sample III. The TG data plots the weight loss of the
nanoparticles which has been found to take place in the
temperature range of 305.2 382.2 1C with a total weight loss
percentage of 29.8%. It can be attributed to the decomposition
of magnesium hydroxide, which is close to the theoretical
weight loss of 30.8 wt% of pure magnesium hydroxide. For the
DSC curve, an endothermic peak has been found at 378.5 1C.
In addition, Fig. 5b shows the XRD results obtained for the
decomposition residue of sample III after TG DSC analyses. It
can be seen that the peaks corresponding to (111), (200),6
(220), (311) and (222) planes of the periclase phase (MgO,
JCPDS 87-0653) with cubic symmetry indicate the Mg(OH)2
to MgO phase transformation associated with the presence of
large amount defects as suggested by the diffractogram shape.
4. Conclusions
In this study, Mg(OH)2 nanoﬂakes with different morphol-
ogies were successfully synthesized via the hydrothermal
method. The presented results show that the synthesis tem-
perature and reaction time have a strong inﬂuence on the
morphology, size particle, agglomeration level and crystal-
lographic structures of the different nanocrystalline brucites
obtained. It has been shown that the prolongation of reaction
time improves the crystalline degree of magnesium hydroxide
particles. It was also possible to detect a relevant increase of
the crystallinity degree and a faster crystal growth with deﬁned
hexagonal morphologies in the samples obtained at 180 1C.
Consequently, from the above results, the hydrothermal
method has proven its effectiveness as a simple process, is
environment friendly and highly interesting to the large-scale
production of these nanomaterials. In addition, magnesium
hydroxide obtained shows a high thermal stability. For this
reason, it can be considered as a promising inorganic ﬂame
retardant product.
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